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Abstract
Orphan receptor GPR103, a pyroglutamylated RFamide peptide receptor (QRFPR), is a class-A G protein-coupled receptor
(GPCR) and it is coupled to a Gi alpha subunit (Gi/0) and/or to a Gq protein. Synteny analysis revealed the existence of qrfpr
paralogous genes in mouse, zebraﬁsh and coelacanth. These paralogous genes emerged along with the species-speciﬁc gene
or genome duplications that occurred during vertebrate evolution. Neuropeptide 26RFa (also termed QRFP) is the latest
member of the RFamide peptide family to be discovered in the hypothalamus of vertebrates. 26RFa/QRFP is a 26-amino
acid residue peptide that was originally identiﬁed from the frog brain. It has been shown to exert orexigenic activity in
mammals and to be a ligand of the previously identiﬁed orphan G protein-coupled receptor, QRFPR. The structure, tissue-
speciﬁc expression and biochemical activity of the 26RFa/QRFP–QRFPR system are conserved across the Chordata
phylum, from ﬁsh to mammals. In order to study the molecular evolution of ﬁsh QRFPRs, we investigated the presence
of natural selection on the QRFPR family using a bioinformatic approach. Overall, the obtained results clearly indicate that
ﬁsh QRFPRs are under positive selection, but the positively selected amino acids did not signiﬁcantly alter the biochemical
properties of these proteins.
Keywords: Fish, molecular evolution, positive selection, QRFPR
Introduction
Peptides, deﬁned by their carboxy-terminal arginine
(R) and amidated phenylalanine (F) residues
(RFamide), have been identiﬁed in the nervous sys-
tems of animals within all major phyla. The ﬁrst
recognised member of the RFamide neuropeptide
family was the cardioexcitatory peptide, Phe-Met-
Arg-Phe-amide (FMRFamide), isolated from ganglia
of the clam Macrocallista nimbosa (Lightfoot, 1786)
(Price & Greenberg 1977). Vertebrates and more
especially invertebrates can each express an array of
RFamide peptides, owing to the fact that multiple
genes encoding RFamides are often present in a
single species, and multiple mature RFamide pep-
tides can be generated by a single polypeptide pre-
cursor. These peptides seem to act as
neurotransmitters and neuromodulators (Walker
et al. 2009). Immunohistochemical studies that
used antisera against FMRFamide suggested that
the nervous system of vertebrates also contain neu-
ropeptides immunologically related to FMRFamide
(Raffa 1988; Rastogi et al. 2001). In fact, several
neuropeptides harbouring the RFamide sequence at
their C-terminus have been characterised in the
brain of various vertebrates. In the past, the existence
of ﬁve groups within the RFamide peptide family has
been recognised in vertebrates, namely the neuro-
peptide FF (NPFF) group, the prolactin-releasing
peptide (PrRP) group, the gonadotropin-inhibitory
hormone (GnIH) group, the kisspeptin group, and
the 26RFa/QRFP group (Chartrel et al. 2011;
Leprince et al. 2013). These RFamide peptides
have been shown to exert important neuroendocrine,
behavioural, sensory and autonomic functions
(Ukena & Tsutsui 2005; Tsutsui & Ukena 2006).
In humans, 26RFa/QRFP has been found to be an
endogenous ligand for the orphan receptor, GPR103-
QRFPR, which is a class-A G protein-coupled receptor
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(GPCR; Jiang et al. 2003). Pyroglutamylated RFamide
peptide receptor (QRFPR) shares relatively high
sequence similarity with otherRFamide receptors, nota-
bly those forNPFF, PrRP, kisspeptin andGnIH, and to
a lesser extent with other peptidergic receptors for neu-
ropeptide Y (NPY), galanin, orexin and cholecystokinin
(Jiang et al. 2003). In addition, QRFPR possesses sev-
eral features characteristic of class-A GPCRs, such as:
(1) a disulphide bridge between the two Cys residues
located in the ﬁrst and second extracellular loops (EL1
and EL2); (2) the existence of an Asp residue within the
second transmembrane domain (TM2), that seems to
play a pivotal role inG protein coupling; (3) a conserved
Glutamic acid-Arginine (Glu-Arg) doublet sequence at
the N-terminus of the second intracellular loop (IL2);
(4) three conserved residues, i.e. Phe, Pro and Asn,
within TM6 and TM7, which are crucial for receptor
activation (Ukena et al. 2014). Previous results sug-
gested that QRFPR is coupled to a Gi/0 and/or to a
Gq protein (Fukusumi et al. 2003). Furthermore, it has
been reported that 26RFa/QRFP enhances corticoster-
oid secretion in human adrenocortical cells by regulat-
ing key steroidogenic enzymes involving Mitogen-
Activated Protein Kinase/Protein Kinase C (MAPK/
PKC) and calcium ion (Ca2+) signalling pathways via
QRFPR (Ramanjaneya et al. 2013).
In mammals, 26RFa/QRFP has been found to be a
high-afﬁnity endogenous ligand for the previously
identiﬁed QRFPR. In rodents and monkeys, 26RFa/
QRFP plays diverse biological roles, including regula-
tion of food intake and energy homeostasis, hormone
secretion, nociception and bone formation. Recently,
the mature sequences of 26RFa/QRFP have been
identiﬁed by structural analysis in quail and zebra
ﬁnch. In birds, as well as in mammals, 26RFa/
QRFP-producing neurons are only located in the
hypothalamus, while QRFPR is widely distributed
throughout the brain. In birds, 26RFa/QRFP also
exerts an orexigenic action, as it does in rodents,
and a similar effect of 26RFa/QRFP has been sug-
gested in ﬁsh, because of upregulation of 26RFa/qrfp
mRNA by a negative energy state (Ukena et al. 2014).
Synteny analysis revealed the existence of paralo-
gous qrfpr genes in mouse, zebraﬁsh and coelacanth
(Ukena et al. 2014). These genes could have
emerged along with species-speciﬁc gene or genome
duplications that occurred during the evolution of
vertebrates. Phylogenetic analysis data are consistent
with synteny analysis (Ukena et al. 2014). Although
in the genome database there are homologous
QRFPR sequences of Xenopus, zebraﬁsh, coelacanth
and lamprey (Ukena et al. 2014), qrfpr genes have
been studied only in mammals and birds. However,
the structure, distribution pattern and biological
actions of the 26RFa/QRFP–QRFPR system have
been conserved across the vertebrate phylum, from
ﬁsh to mammals (Ukena et al. 2014). Therefore, in
order to study the molecular evolution of these pro-
teins and have more information on functional sig-
niﬁcance of 26RFa/QRFP–QRFPR pair in
vertebrates, we veriﬁed the presence of natural selec-
tion on QRFPR from a heterogeneous taxonomic
group: ﬁsh.
Materials and methods
Coding region and amino acid sequences of ﬁsh
QRFPRs were available in the European Molecular
Biology Laboratory (EMBL)/GenBank database
(Table I).
The T-Coffee multiple sequence alignment soft-
ware package was used to obtain multiple sequence
alignment (Notredame et al. 2000). We decided to
use theT-Coffee program in order to align amino
acid and nucleotide sequences, because even
though the method is based on the popular pro-
gressive approach to multiple alignment, it is char-
acterised by a dramatic improvement in accuracy
with a modest sacriﬁce in speed as compared to
the most commonly used alternatives (Notredame
et al. 2000).
jModelTest 2.0 (Darriba et al. 2012) was used to
carry out statistical selection of the best-ﬁt model of
nucleotide substitution. Analyses were performed
using 88 candidate models and three types of criteria
[Akaike Information Criterion (AIC), Corrected
Akaike Information Criterion (cAIC) and Bayesian
Information Criterion (BIC)].
To select the best-ﬁt model for the analysis of
protein evolution, ProtTest 3 was used (Darriba
et al. 2011). One hundred and twenty-two candidate
models and the three previously mentioned criteria
were used in these statistical analyses.
Phylogenetic trees were built using the Bayesian
inference (BI) method implemented in Mr. Bayes
3.2 (Ronquist et al. 2012), and the Maximum
Likelihood (ML) method implemented in PhyML
3.0 (Guindon et al. 2010). In the BI analyses, four
independent runs, each with four simultaneous
Markov Chain Monte Carlo (MCMC) chains, were
performed for 1,000,000 generations sampled every
1000 generations. Using PhyML 3.0, bootstrap ana-
lyses were performed on 100,000 trees using two
algorithms of tree topology improvement, nearest
neighbour interchange (NNI) and subtree pruning
and regrafting (SPR). FigTree (http://tree.bio.ed.ac.
uk/software/ﬁgtree/) software was used to display the
annotated phylogenetic trees.
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Genetic algorithm recombination detection
(GARD) and single breakpoint recombination
(SBP) programs (Kosakovsky Pond et al. 2006)
were used to identify possible breakpoints in the
qrfpr codon sequences.
In order to detect the presence of positive selection
in QRFPR molecular evolution, we used statistical
methods implemented in the HyPhy package
(Kosakovsky Pond et al. 2005); single likelihood
ancestor (SLAC), ﬁxed effects likelihood (FEL), ran-
dom effect likelihood (REL) and fast unconstrained
Bayesian approximation (FUBAR) software is useful
to detect the presence of possible positive selection,
and mixed effects model evolution (MEME) is an
excellent program to detect sites under episodic diver-
sifying selection (Murrell et al. 2012).
The property-informed models of evolution
(PRIME) program (http://hyphy.org/w/index.php/
PRIME) was used to detect the variation of
QRFPR biochemical properties which are driving
the amino acid substitutions.
Results
Molecular clock tests
We performed a Bayes factor comparison using Mr.
Bayes 3.2 to test the strict clock model against the non-
clock (unconstrained) model using qrfpr cDNA coding
region sequences. Furthermore, we used the same
approach to test all three relaxed clock models imple-
mented in MrBayes 3.2. The models are the Thorne–
Kishino 2002 (TK02)model (Thorne&Kishino 2002),
the compound Poisson process (CPP) model
(Huelsenbeck et al. 2000) and the independent
gamma rates (IGR) model (Lepage et al. 2007). We
generated an accurate assessment of the marginal
model likelihoods using the stepping-stone method. It
estimates the model likelihood by sampling a series of
distributions that represent different mixtures of the
posterior distribution and the prior distribution (Xie
et al. 2011). The stepping-stone method was applied
to the qrfpr data set using 510,000 generations with a
diagnostic frequency of 2500 in two independent runs
Table I. QRFPR sequences used for phylogeny, and their EMBL/GenBank accession numbers.
Sequence name Nucleotide accession number Protein accession number
Poecilia formosa QRFPR3 XM_007558305.1 XP_007558367.1
Danio rerio QRFPR 3a ENSDART00000098961 ENSDARP00000089731
Danio rerio QRFPR 3b ENSDART00000041026 ENSDARP00000041025
Danio rerio QRFPR 4 ENSDART00000135119 ENSDARP00000113533
Dicentrarchus labrax QRFPR 3 FQ310507.3 CBN81515.1
Poecilia reticulata QRFPR 3 XM_008436920.1 XP_008435142.1
Cynoglossus semilaevis QRFPR 3 XM_008314519.1 XP_008312741.1
Stegastes partitus QRFPR 3 XM_008294887.1 XP_008293109.1
Oryzias latipes QRFPR 3 XM_004080411.1 XP_004080459.1
Astyanax mexicanus QRFPR 3 XM_007235442.1 XP_007235504.1
Astyanax mexicanus QRFPR 4 XM_007240638.1 XP_007240700.1
Neolamprologus brichardi QRFPR 3 XM_006791111.1 XP_006791174.1
Lepisosteus oculatus QRFPR 2 XM_006630338.1 XP_006630401.1
Lepisosteus oculatus QRFPR 3 XM_006625602.1 XP_006625665.1
Lepisosteus oculatus QRFPR 4 XM_006625648.1 XP_006625711.1
Haplochromis burtoni QRFPR 3 XM_005919582.1 XP_005919644.1
Xiphophorus maculatus QRFPR 3 XM_005794588.1 XP_005794645.1
Pundamilia nyererei QRFPR 3 XM_005736424.1 XP_005736481.1
Oreochromis niloticus QRFPR 3x1 XM_003441907.2 XP_003441955.2
Oreochromis niloticus QRFPR 3x2 XM_005471374.1 XP_005471431.1
Maylandia zebra QRFPR 3 XM_004561252.1 XP_004561309.1
Takifugu rubripes QRFPR 3 XM_003961238.1 XP_003961287.1
Latimeria chalumnae QRFPR 2 XM_005988242.1 XP_005988304.1
Homo sapiens QRFPR 1 ENST00000394427 ENSP00000377948
Mus musculus QRFPR1-1 ENSMUST00000091227 ENSMUSP00000088768
Mus musculus QRFPR1-2 ENSMUST00000170608 ENSMUSP00000130225
Monodelphis domestica QRFPR1 ENSMODT00000024050 ENSMODP00000023630
Ornithorhynchus anatinus QRFPR 1 ENSOANT00000023802 ENSOANP00000023798
Pelodiscus sinensis QRFPR 1 ENSPSIT00000016356 ENSPSIP00000016280
Pelodiscus sinensis QRFPR 2 ENSPSIT00000007026 ENSPSIP00000006986
Anolis carolinensis QRFPR 1 ENSACAT00000012987 ENSACAP00000012731
Xenopus tropicalis QRFPR 1 ENSXETT00000004500 ENSXETP00000004500
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for each of the tested models. The marginal likelihood
values are shown in Table II. The CPP model
(−15,318.16) is 34 log likelihood units better than the
strict-clock model (−15,351.94) and nearly 18 log and
12 log likelihood units better than the other two local
clock TK02 (−15,336.3) and IGR (−15,340.23) mod-
els, respectively.
Fish QRFPR sequences analyses
The multiple alignment of ﬁsh QRFPR amino acid
sequences is reported in Figure 1. The total score
value was 97, indicating that the multiple alignment
was characterised by a high level of similarity among
the different sequences. Furthermore all ﬁsh QRFPRs
have the features characteristic of class-A GPCRs,
represented by the putative Transmembrane
Domains (TMDs), a disulphide bridge between two
Cys residues located in the ﬁrst and second extracel-
lular loops, the Asp residue in TMD2 involved in G
protein coupling, the conserved Glu-Arg residues in
the second intracellular loop and the conserved Phe,
Pro and Asn residues in TMD6 and TMD7.
Phylogeny of QRFPR
The CPP molecular clock model was used as evolu-
tion model in cDNA and amino acid phylogenetic
tree building. All cDNA coding region sequences
were aligned using T-Coffee in combined libraries
of local and multiple alignments, which are known to
induce high accuracy and performance in sequence
alignments. jModelTest 2.0 software indicated that
the GTR+G model is the best-ﬁt model to analyse
the evolution of qrfpr coding sequences, with a
gamma shape value (four rate categories) of 0.607
using all statistical criterion: AIC, cAIC and BIC
(−lnL = 15,162.51). BI and ML analyses generate
phylogenies with the same topology (Figure 2).
ProtTest3 statistical results determined the JTT
+G model as the best one to apply for the phyloge-
netic analysis of QRFPR amino acid sequences, with
a gamma shape value (four rate categories) of 0.624
using all statistical criteria (−lnL = −7557.55).
Figure 3 shows the common topology generated by
the application of the BI and ML methods. The
sequence used as out-group to root the tree, the
amphioxus QRFP receptor, always branches off
basally to all vertebrate QRFPR sequences, accord-
ing to the results of Larhammar et al. (2014).
The cladogram based on amino acid sequences
(Figure 3) is better resolved with respect to that
obtained with open reading frames (ORFs), and all
of them are supported by high posterior probabilities
and bootstrap values of the BI and ML analyses,
respectively. However, in the cladogram based on
amino acid sequences, fewer nodes were supported
by bootstrap values higher than 50%, even if all
nodes were supported by posterior probability values
higher than 50%. In both phylogenetic trees,
QRFPR1, QRFPR2 and QRFPR4 are clearly
grouped in the corresponding clade, but all of them
are included in a “big” clade, which is separated
from the clade containing all the QRFPR3
sequences. However, only in the cladogram based
on amino acid sequences did a clade emerge con-
taining all QRFPR3 sequences except spotted gar
(Lepisosteus oculatus Winchell, 1864) QRFPR3.
Another important difference concerns the respec-
tive positions of European seabass [Dicentrarchus lab-
rax (Linnaeus, 1758)] and bicolour damselﬁsh
[Stegastes partitus (Poey, 1868)] QRFPR3s: in the
ORF phylogenetic tree, D. labrax qrfpr is grouped
together with Nile tilapia [Oreochromis niloticus
(Linnaeus, 1758)], Neolamprologus brichardi (Poll,
1974), Haplochromis burtoni (Gunther, 1894),
Pundamilia nyererei (Witte-Maas & Witte, 1985)
and zebra mbuna [Maylandia zebra (Boulenger,
1899)] qrfprs, while in the amino acid phylogenetic
tree this relationship is veriﬁed for S. partitus
QRFPR. Furthermore, there is a great difference
between the two phylogenetic trees in branch
lengths, as indicated by the respective scale bars.
Positively selected sites and conserved/altered biochemical
property identiﬁcations
We used existing computational techniques
(FUBAR, SLAC, FEL and REL) implemented in
the HyPhy package (Kosakovsky Pond et al. 2005),
Table II. Marginal likelihood values in each of the two independent runs, and the resulting mean values for each of the tested models using
the stepping-stone method. Compound Poisson Process (CPP), Thorne–Kishino 2002 (TK02) and Independent Gamma Rates (IGR)
model.
Run Unconstrained Strict clock Relaxed clock (CPP) Relaxed clock (TK02) Relaxed clock (IGR)
1 −15,365.05 −15,352.37 −15,318.84 −15,337.07 −15,339.37
2 −15,361.08 −15,351.63 −15,317.76 −15,335.87 −15,344.60
Mean of Marginal Likelihood −15,361.75 −15,351.94 −15,318.16 −15,336.30 −15,340.23
Positive selection in ﬁsh pyroglutamylated RFamide peptide receptor 463
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Figure 1. Multiple alignment of QRFPR amino acid sequences from different ﬁsh species. The grey background alignment regions refer to
the TMDs (Transmembrane Domains). Boxed letters refer to the amino acids that play a crucial role in G protein coupling and receptor
activation. The disulphide bridge between the two C (Cysteine) residues located in the ﬁrst and second extracellular loops is indicated by
“B”. The letters marked by a black background refer to the positively selected amino acid sites. The symbols at the bottom of the QRFPR
sequences correspond to the deﬁnitions of the T-coffee program: (*) fully conserved; (:) highly conserved; (.) conserved substitution.
464 R. Bakiu et al.
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which are designed to identify the sites subject to
pervasive selection (a large proportion of positively
selected sites). These techniques may fail to recog-
nise the sites where selection is episodic (Messier &
Stewart 1997). For this reason, we used the MEME
program, which is able to identify instances of both
episodic and pervasive positive selections at the indi-
vidual site level (Murrell et al. 2012). In order to
investigate the presence of positive selection, we
applied all the previously mentioned bioinformatics
methods to the ﬁsh qrfpr codon sequence alignment.
In Table III, the identiﬁed positively selected codon
sites are presented. FUBAR and MEME results were
statistically signiﬁcant (p < 0.05). All the other pro-
gram results (REL, SLAC and FEL) were not statis-
tically signiﬁcant. Kosakovsky Pond and Frost
(2005) indicated that selection analyses of align-
ments with recombinants in them using a single
tree could generate misleading results, if all qrfpr
codon sequences had not been screened for recom-
bination. Thus, we used the GARD and SBP
programs (Kosakovsky Pond et al. 2006) to identify
possible breakpoints in the qrfpr consensus codon
sequence. The GARD and SBP applications did
not ﬁnd evidence of breakpoints in the qrfpr consen-
sus codon sequence. In order to verify which bio-
chemical properties are driving substitutions at
different sites in the qrfpr codon sequence alignment
and which properties are being selected for the
advantageous changes in our previously identiﬁed
positively selected sites, we performed other bioin-
formatics analyses using the PRIME program. In
these analyses, both predeﬁned sets of ﬁve amino-
acid properties were used, being the ﬁve empirically
measured properties used by Conant et al. (2007)
and the ﬁve composite properties proposed by
Atchley et al. (2005). PRIME builds on the same
conceptual frameworks as FEL (Kosakovsky Pond &
Frost 2005) and MEME (Murrell et al. 2012), but
allows the nonsynonymous substitution rate (dN) to
be depend not only on the site in object (like FEL
and MEME), but also on which residues are being
Figure 2. Phylogenetic relationships among different organisms QRFPRs reconstructed on the basis of cDNA coding region sequences and
using both methods: BI (Bayesian Inference) (arithmetic mean = −22,234.94; harmonic mean = −22,263.61) and ML (Maximum
Likelihood) (arithmetic mean = −22,133.8). Bayesian posterior probability (ﬁrst number value) and bootstrap values higher than 50% are
indicated on each node, respectively. The scale for branch length (0.2 substitution/site) is shown below the tree.
Positive selection in ﬁsh pyroglutamylated RFamide peptide receptor 465
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exchanged (e.g. I-V would be different from K-R).
In Tables IV and V, conserved and altered biochem-
ical properties, which are driving amino acid substi-
tutions in ﬁsh QRFPR molecular evolution, are
shown, based on Conant–Stadler and Atchley prop-
erties, respectively. Only one of the amino acids,
corresponding to the positively selected codon sites
previously identiﬁed by our analyses, seems to be
signiﬁcantly altered in at least one of the ﬁve con-
sidered biochemical properties. It is represented by
the positively selected codon 485, whose refractivity
or heat capacity was signiﬁcantly altered at the cor-
responding amino acid site, according to the analyses
based on Atchley properties. On the contrary, at the
positively selected codon 276, the analysis based on
Figure 3. Phylogenetic relationships among different organisms’ QRFPRs reconstructed on the basis of amino acid sequences and using
both methods: BI (Bayesian Inference) (arithmetic mean = −10,508.75; harmonic mean = −10,545.58) and ML (Maximum Likelihood)
(arithmetic mean = −10,438.4). Bayesian posterior probability (ﬁrst number value) and bootstrap values higher than 50% are indicated on
each node, respectively. The scale for branch length (0.3 substitution/site) is shown below the tree.
Table III. Positively selected codon sites identiﬁed by using Mixed
Effects Model of Evolution (MEME) and Fast Unconstrained
Bayesian AppRoximation (FUBAR), and their calculated statis-
tics. dN – number of nonsynonymous substitutions for site and dS
– number of synonymous substitutions for site, their difference
must be a positive value in order to have positive selection at a
given site; Posterior Pr. – posterior probability is a measure of the
probability of having ω = dN/dS > 1 at a given site; p-value – the
number of false positive tests.
Codon MEME
ω
MEME
p-value
FUBAR dN–
dS
FUBAR Post.
Pr.
276 - - 0.149 0.710
408 > 100 0.016 - -
444 - - 0.117 0.805
485 > 100 0.044 0.107 0.774
466 R. Bakiu et al.
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Atchley properties indicated that the corresponding
amino acid refractivity or its heat capacity was sig-
niﬁcantly conserved. Figures 4 and 5 show the prop-
erty importance plots of Conant–Stadler and Atchley
properties, respectively. As is shown by these gra-
phics, although one of the properties of the amino
acid site 276 was signiﬁcantly conserved, the amino
acid volume was altered (Figure 5), but it was not
statistically supported.
Discussion
QRPFR molecular evolution
Although cDNA coding region and amino acid
sequence alignments are characterised by a high
level of similarity among the respective sequences,
the amino acid sequence alignment turned out to be
better than the coding sequence one, because its
quality score value (98) was higher than the corre-
sponding value (92) of the coding sequence align-
ment. Even considering only ﬁsh QRFPRs, the
amino acid sequence alignment score value (98) was
higher than the corresponding value (93) of the cod-
ing sequence alignment. The high score values
obtained by sequence alignment analyses suggested a
high level of homology among the various ﬁsh
sequences, also supported by the high conservation
level of the putative TMDs (Figure 1). A similar level
of conservation was observed in the QRFPR amino
acid alignment of Homo sapiens, Rattus norvegicus,
Gallus domesticus (Linnaeus, 1758), Taeniopygia gut-
tata (Vieillot, 1817), Xenopus laevis (Daudin, 1802)
and Danio rerio (Hamilton, 1822), reported by Ukena
et al. (2014). Fish proteins have the features charac-
teristic of class-A GPCRs. L. oculatous QRFPR2 is an
exception, because the second Cys, located in the
second extracellular loop, was substituted by a Ser
residue. However, both these amino acids are
uncharged, despite the fact that Ser is a polar residue.
Balaji et al. (2003) suggested that there is tolerance to
the substitution of buried apolar residues by charged
residues in the homologous protein structures, and in
some cases it depends on the nature of the substitu-
tions and the presence of an appropriate amino acid
in the proximity of the substituting position. Thus, we
Table IV. Conserved and altered biochemical properties, which are driving amino acid substitutions in the ﬁsh QRFPR molecular evolution.
These PRIME (property-informed models of evolution) analyses were based on Conant–Stadler properties and the results were statistically
signiﬁcant for p-values < 0.05. α is a measure of the importance of the alteration or conservation; for lower (negative) α values, the level of
conservation of the corresponding property is higher at a given site and for higher (positive) values of α value, the alteration of the
corresponding property is more radical at a given site. Altered properties results are shown on a dark grey background, while conserved
properties results are shown on a light grey background.
Codon Chemical composition Polarity Volume Iso-electric point Hydropathy
α p-value α p-value α p-value α p-value α p-value
68 0.009 1 −2.378 0.293 15.083 0.036 −4.053 0.218 −0.474 1
86 1.435 1 0.38 0.917 1.606 1 −7.973 1 20 0.007
146 8.4 0.049 −3.924 1 8.869 0.432 2.61 1 −3.382 1
160 −6.03 0.026 9.828 0.45 3.551 0.536 17.257 0.533 0.079 1
173 1.312 1 −0.378 1 0.173 1 20 0.046 −0.68 1
217 4.434 0.29 −5.122 0.003 3.29 0.163 1.245 0.564 2.437 0.173
231 −0.247 1 17.455 0.029 2.052 1 −0.09 1 −5.004 0.188
246 1.494 1 −9.55 0.07 10.944 0.036 20 0.094 −1.315 0.76
265 13.595 1 −15.314 0.003 2.078 1 2.261 0.73 19.957 0.252
275 4.241 0.014 −8.717 0.011 1.28 0.011 4.605 0.061 5.84 0.012
303 0.181 1 −3.791 1 −1.101 1 0.244 1 20 0
306 −0.305 1 2.086 1 −0.219 1 16.7 0.013 0.38 1
318 −1.552 0.151 −0.297 0.82 2.493 0.045 20 0.02 −2.188 0.238
325 2.541 0.193 −1.068 0.452 −8.419 0.086 3.354 0.059 20 0.029
332 −6.477 0.025 0.573 1 2.248 0.639 20 1 3.485 1
375 3.144 0.181 −1.635 0.199 −4.035 0.161 2.24 0.008 6.553 0.059
376 −0.201 1 0.071 1 20 0.048 1.466 1 −1.256 1
435 −0.653 0.244 −6.01 0.362 2.196 0.071 −1.03 0.547 7.976 0.025
445 −1.037 0.447 7.384 0.074 2.335 0.351 −5.489 0.018 1.379 0.49
446 1.285 0.238 −1.944 0.366 4.659 0.265 12.636 0.001 −5.443 0.057
465 6.817 0.04 −0.402 0.231 −6.33 0.059 2.675 0.051 5.242 0.458
486 −1.247 1 5.388 0.048 −0.944 1 −0.086 0.936 −0.568 1
495 −1.218 1 0.903 1 −0.634 1 −0.703 1 4.329 0.023
498 0.968 1 2.119 1 0.587 1 3.128 0.02 −2.225 1
524 −0.528 1 −7.755 0.203 −0.545 1 3.148 0.231 15.737 0.01
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can hypothesise that in this apolar-to-polar substitu-
tion, an important role is played by the Cys residue
located next to the Ser, which might have been con-
strained to take possession of the necessary character-
istic in order to form the disulphide bridge with the
other C residue located in the ﬁrst extracellular loop.
The coelacanth Latimeria has been designated as a
“living fossil” because the lineage disappeared from
the fossil record in the Cretaceous period, about 80
million years ago (Pyron 2010). Together with the
lungﬁshes, the coelacanth is considered the closest
living relative of the tetrapods (Shan & Gras 2011).
Thus, Latimeria harbours a key position in the evolu-
tion of vertebrates, including mammals. L. oculatus is
a member of the Holostei infraclass, which diverged
from teleosts (the Teleostei infraclass) before the
teleost genome duplication (Amores et al. 2011). In
the phylogenesis proposed by Braasch et al. (2014),
based on paired-related homeobox (Prrx) gene evo-
lution, and by Near et al. (2012), based on nine
nuclear genes, L. oculatus emerges early in the
Actinopterygii clade, ending up nearer to L.
Table V. Conserved and altered biochemical properties which are driving amino acid substitutions in the ﬁsh QRFPR molecular evolution.
These PRIME (property-informed models of evolution) analyses were based on Atchley properties and the results were statistically
signiﬁcant for p-values < 0.05. Altered properties results are shown on a dark grey background, while conserved properties results are
shown on a light grey background.
Codon Polarity Secondary structure Volume Refractivity/heat capacity Charge/iso-electric point
α p-value α p-value α p-value α p-value α p-value
36 −0.888 0.666 −0.526 0.057 6.041 0.497 6.285 0.045 −0.456 0.635
79 13.305 0.056 −0.461 1 0.178 1 −4.25 0.043 1.811 0.881
83 13.243 0.006 4.668 0.206 −0.993 1 −1.79 1 0.859 0.7
88 1.018 1 8.315 0.029 0.239 1 −1.486 1 −0.333 1
95 2.561 0.048 1.521 0.138 −1.828 0.174 1.283 1 2.053 0.148
146 −0.778 0.467 3.584 0.007 −1.623 0.619 3.978 0.578 1.943 0.769
154 4.563 0.346 −2.577 0.349 −3.624 0.029 1.434 0.185 7.187 0.029
177 −3.076 0.026 5.14 0.011 −1.769 0.077 0.256 1 4.508 0.064
183 −0.497 1 1.623 0.728 −2.521 1 2.577 0.544 3.051 0.046
217 3.215 0.122 −5.621 0.147 −0.381 1 10.617 0.008 0.982 1
229 −1.566 0.505 9.917 0.017 −3.885 0.002 −1.111 0.547 4.58 0.016
232 18.826 0.003 −1.025 1 −0.389 1 −6.538 0.136 −0.396 1
241 9.905 0.001 −0.956 0.272 −1.102 0.385 −0.46 0.695 2.434 0.391
272 −0.711 0.855 1.562 0.422 0.407 0.44 3.209 0.021 −0.64 0.83
276 −0.647 0.289 −0.334 0.466 −3.229 0.142 5.019 0.035 3.555 0.375
281 −1.31 0.523 1.524 0.289 0.905 0.574 6.277 0.04 −1.637 0.45
287 −0.103 0.906 5.858 0.054 −3.603 0.028 −1.467 0.299 6.674 0.049
299 5.419 0.248 −0.437 0.689 2.056 0.24 7.32 0.218 −3.606 0.04
303 20 0 −0.052 1 −0.485 1 −1.698 0.311 −0.048 1
312 7.677 0.044 −6.147 0.143 1.37 0.51 −2.002 0.336 0.965 0.655
325 5.714 0.014 −0.095 0.646 −0.793 0.568 −3.365 0.175 3.846 0.264
332 1.729 0.753 −3.216 1 −0.3 1 15.442 0.007 1.186 1
333 5.035 0.048 −0.154 1 0.254 1 −4.676 0.046 0.57 1
367 −0.548 1 5.455 0.011 −0.205 1 −0.473 1 −0.169 1
371 4.338 0.617 −5.818 0.029 −1.554 1 5.669 0.083 1.66 1
372 2.641 0.393 11.944 0.031 3.347 0.064 −1.79 0.572 −4.894 0.06
435 −4.978 0.602 0.175 1 −1.657 0.089 13.537 0.024 2.563 0.162
449 10.015 0.014 −4.877 0.015 2.22 0.014 7.65 0.011 −0.464 0.01
450 5.898 0.022 −3.297 0.618 1.056 0.361 −3.094 0.523 1.106 0.408
453 −0.458 1 8.634 0.052 2.416 0.665 0.746 0.828 −4.946 0.038
475 0.093 1 0.024 1 2.468 0.032 6.584 0.466 −2.409 0.464
478 9.426 0.05 −4.535 0.104 0.075 1 0.028 1 1.787 1
481 −0.89 0.608 1.07 0.75 −1.958 0.059 4.331 0.655 2.391 0.048
484 −1.327 0.077 0.283 1 1.185 0.052 5.93 0.087 −1.748 0.044
485 1.899 0.235 −1.073 0.154 −0.43 1 −4.274 0.018 4.514 0.179
488 1.154 0.692 −0.486 1 −2.941 0.016 5.912 0.053 4.385 0.067
493 5.782 0.046 −1.059 1 −0.241 0.781 0.709 1 0.597 1
495 1.073 1 4.5 0.005 −0.587 1 0.286 1 0.007 1
499 −1.695 0.351 −4.556 0.117 0.369 1 9.694 0.125 3.029 0.011
508 19.514 1 0.56 1 0.119 1 −13.88 0.043 0.295 1
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chalumnea Smith, 1939 than other teleosts. This
could indicate that Actinopterygii and Holostei may
have retained some ancestral characteristics; one of
them could be the QRFPR2 isoform.
The phylogenetic relationships among QRFPRs of
other ﬁsh species are generally compatible with the
phylogenies reported by Near et al. (2012) and
Braasch et al. (2014). For instance, QRFPR
sequences of Ostariophysi members, such as
Mexican tetra [Astyanax mexicanus (De Filippi,
1853)] and D. rerio, are grouped together in
QRFPR3 and QRFPR4 clades, like in the species
Figure 4. Importance plot of the altered and conserved properties at different codon sites, identiﬁed by PRIME (property-informed models
of evolution) analyses based on Conant–Stadler properties. The colour of each of the circles refers to the colour of a speciﬁc biochemical
property shown on the bottom of the graphic. For higher vertical distance from 0, the property alterations or conservations become more
radical. The altered properties of the positively selected sites are indicated by empty circles. In the online document you can ﬁnd the colored
version of this ﬁgure.
Figure 5. Importance plot of the altered and conserved properties at different codon sites, identiﬁed by PRIME (property-informed models
of evolution) analyses based on Atchley properties. The altered and conserved properties of the positively selected sites are indicated by
empty circles. In the online document you can ﬁnd the colored version of this ﬁgure.
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phylogeny reconstruction. The remaining teleost
QRFPRs, belonging to Acanthomorphata, are posi-
tioned into the ﬁsh QRFPR phylogenetic tree in the
same position, as in the species phylogenetic tree
reported by Braasch et al. (2014). For instance, in
amino acid base tree topology, the QRFPR of the
Tetraodontiformes, Japanese pufferﬁsh [Takifugu
rubripes (Temminck & Schlegel, 1850)] was grouped
together with the QRFPR of another member of
Percomorpharia (D. labrax), similarly to the results
reported by Braasch et al. (2014), where T. rubripes is
grouped together with three-spined stickleback
(Gasterosteus aculeatus Linnaeus, 1758; member of
Percomorpharia).
Some discordances emerged also from the com-
parison between the topologies obtained from the
analyses performed with coding regions and amino
acids, especially in relation to the positions of D.
labrax, S. partitus and L. oculatus QRFPR3s. We
hypothesise that they might be the result of differ-
ences in substitution rates, supported by the great
difference in the branch lengths of the two phyloge-
netic trees. The estimated mean amino acid substi-
tution rate (0.8 substitution/site) was bigger than the
average nucleotide substitution rate (0.57 substitu-
tion/site), estimated by MEGA 6 (Tamura et al.
2013). However, the estimated mean amino acid
substitution rate of the ﬁsh data set (0.49 substitu-
tion/site) is comparable to the mean base substitu-
tion rate (0.56 substitution/site), but generally the
estimated evolutionary divergence among the
nucleotide sequences is much higher than the evolu-
tionary divergence among amino acid sequences.
Probably this could be explained only by a situation
where the nonsynonymous substitution rates (dN)
were higher than synonymous substitution rates
(dS). A statistically signiﬁcant excess of nonsynon-
ymous substitution (dN > dS) could be interpreted
as positive selection (Kosakovsky Pond & Frost
2005).
Another point to highlight is the phenomenon of
gene duplication that seems to be related to the
evolutionary history of these proteins. This is evident
in some species having multiple isoforms (D. rerio, L.
oculatus and A. mexicanus), but it does not seem a
general phenomenon, although we can not exclude
that other species may have isoforms not yet identi-
ﬁed. However, the gene duplication of qrfprs does
not seem to be a phenomenon that occurred at an
ancestral level, before the differentiation of ﬁsh taxa,
but rather occurred several times during their evolu-
tion. The presence of four qrfpr clades (Larhammar
et al. 2014) suggests an origin by duplications result-
ing from the two basal tetraploidisations, 1R and 2R,
thus forming a paralogon (a set of paralogous chro-
mosomal regions containing members of the same
gene families as a result of the duplication of a large
block or an entire chromosome). However,
sequence-based analyses may be skewed due to
uneven selection pressures, due to the many possible
losses of qrfpr genes in the various species or lineages.
Therefore, some additional information should be
considered.
As result of our phylogenetic analyses, there is
probably the need to rename some ﬁsh QRFPR iso-
forms. In particular, according to the isoform
nomenclature used by Larhammar and colleagues
(2014), D. rerio, L. oculatus and A. mexicanus
QRFPRs, emerging together and clearly separated
from the other isoforms, can be indicated as belong-
ing to the same isoform, 4. Since the two sequences
of O. niloticus are the product of a single-gene alter-
native splicing, they should be considered two var-
iants of isoform 3, and we propose to indicate them
as QRFPR3x1 and QRFPR3x2.
Positive selection in ﬁsh QRFPR molecular evolution
Evolutionary biologists have typically invoked two
types of selective forces that shape the evolution of
species. One is purifying selection, which favours the
conservation of existing phenotypes. The other is
positive selection (also known as Darwinian selec-
tion), which promotes the emergence of new pheno-
types. Positive selection can leave a set of telltale
signatures in the genes under its inﬂuence, such as
the rapid divergence of functional sites between spe-
cies and the depression of polymorphism within spe-
cies (Bamshad & Wooding 2003). The imprint of
natural selection (positive selection) on protein cod-
ing genes is often difﬁcult to identify, because selec-
tion is frequently transient or episodic, i.e. it affects
only a subset of lineages. Our results support the
Murrell et al. (2012) hypothesis, that natural selec-
tion is predominantly episodic, with transient peri-
ods of adaptive evolution masked by the prevalence
of purifying or neutral selection on other branches.
Previous work on calreticulin molecular evolution
indicated that a signiﬁcant number of codon sites
involved in positive and purifying selection were
functionally or structurally important, as demon-
strated by wet-lab analyses (Bakiu 2014). However,
our results must be conﬁrmed experimentally, using
a targeted experimental approach. For example, it
could be extremely interesting to perform site-speci-
ﬁc mutagenesis experiments, in order to determine
the functional and/or structural importance of the
positively selected sites.
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Conserved/altered amino acid biochemical properties in
ﬁsh QRFPR molecular evolution
Recent studies have shown that amino acid exchan-
geability varies across organisms (Dunn et al. 2013)
and across genes (Conant et al. 2007), depending on
physico-chemical properties, so that the same sub-
stitution may sometimes be radical (having a large
effect on protein structure and/or function) or con-
servative (having little effect on structure or func-
tion). Tourasse and Li (2000) found that observed
substitution patterns resulted from the unique func-
tional characteristics of individual protein families.
Variation can be expected from site to site within a
protein. For instance, amino acids with different
hydrophobicity may be unchangeable at sites where
the protein fold is sensitive to hydrophobicity, but
exchangeable at sites where it is insensitive to
hydrophobicity.
PRIME analyses suggest that there are more con-
served than altered amino acid biochemical proper-
ties in ﬁsh QRFPR molecular evolution. However, at
least one statistically signiﬁcant alteration was
observed at one of the positively selected amino
acid sites. Atchley property results (Figure 5) indi-
cate that the polarity index property was not altered
in any of the positively selected sites. A strong evolu-
tionary basis exists for a complex pattern of covaria-
tion involving all the polarity index-related
attributes. Atchley et al. (2005) described in consid-
erable detail the patterns of variability in buried
hydrophobic versus accessible hydrophilic amino
acids in the dimerisation domain of basic helix–
loop–helix (bHLH) proteins. These observed pat-
terns were related to natural selection, evolutionary
change and phylogenetic divergence. Refractivity
and heat capacity, which reﬂect codon and amino
acid diversity, are properties that exhibit signiﬁcant
correlation with positive selection and evolutionary
change (Atchley et al. 2005). In our analyses, the
positively selected site 485 exhibited a statistically
signiﬁcant (p < 0.05) altered refractivity/heat
capacity.
Atchley et al. (2005) demonstrated that the
remaining three properties do not indicate signiﬁ-
cant association between physiochemical attribute
variation and evolutionary patterns of amino acid
substitution, and they cannot be ascribed to evolu-
tionary divergence, but rather to nonevolutionary
changes in structure and function. Although there
is a signiﬁcant altered refractivity or heat capacity,
as mentioned, due to a polarity alteration at amino
acid site 485, like the secondary structure and
volume properties alteration, it is not statistically
signiﬁcant. In conclusion, our results suggest that
in the molecular evolution of ﬁsh QRFPRs, positive
selection did not signiﬁcantly alter the amino acid
biochemical properties of any positively selected
sites.
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